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O ne of the most serious complications during resections of insular gliomas is injury to the lenticulostriate arteries (LSAs), which supply descending motor pathways. A dense hemiplegia is the usual result of LSA disruption. 3 LSAs are usually localized just behind the medial tumor border, but they can also be encased by the tumor. 9 These perforators represent the most medial limit of feasible tumor resection. Their intraoperative localization is therefore crucial, but it is challenging. 2, 12 While LSAs may be preoperatively depicted by different imaging modalities, 8, 9, 14 their intraoperative localization using conventional neuronavigation based on preoperative imaging can be difficult due to brain shift.
The aim of this paper is to present a novel method of intraoperative LSA localization based on navigated 3D ultrasound (3DUS) power Doppler imaging. In contrast to previous works that reported negative experiences with intraoperative LSA visualization using ultrasound Doppler techniques, 2, 5 we have observed that LSAs may be depicted by 3DUS power Doppler. This technique enables almost real-time intraoperative visualization of these important perforators and evaluation of their shift during the resection ( Fig. 1) , which may help prevent injury to them (Fig. 2) .
Our first experience with visualization of LSAs using 3DUS power Doppler was during a second-look insular glioma awake surgery (after a partial resection performed elsewhere), terminated prematurely due to inadequate patient cooperation. Following this finding, navigated 3DUS Visualization of lenticulostriate arteries during insular low-grade glioma surgeries by navigated 3D ultrasound power Doppler: technical note power Doppler was regularly used during all insular glioma resections. In this paper we report our initial experience after first 6 consecutive surgeries.
Methods

Patient Population
Six patients who consecutively underwent operations for insular Grade II gliomas (low-grade glioma [ LGG]) were included. The clinical features of these patients are detailed in Table 1 . All patients were preoperatively investigated by MRI using T1-and T2-weighted sequences, fluid-attenuated inversion recovery (FLAIR) sequences, contrast-enhanced T1-weighted sequences, perfusion-weighted imaging, and MR spectroscopy. Eloquent cortical and subcortical struc- tures were depicted by functional MRI and tractography based on diffusion tensor imaging. In the last 2 cases, a contrast-enhanced 3D time-of-flight (TOF) sequence was additionally used to display LSAs. Three-dimensional T2-weighted or 3D FLAIR MRI sequences were used for navigation.
Operating Procedures
All resections were performed under awake conditions. Direct electrical stimulation was used to identify eloquent (motor, speech, and language) cortex and white matter tracts.
A system that integrates standard neuronavigation and 3DUS and provides automatic fusion of both modalities (SonoWand Invite, SONOWAND AS) was used for navigation, for intraoperative evaluation of brain shift and extent of resection, as well as for intraoperative LSA visualization. After fixation of a patient's head in a Mayfield headrest, standard patient registration based on skin fiducials was performed. The initial ultrasound scan was performed on the dural surface. A flat-phased array probe (frequency range 3-8 MHz), large version of a flat linear array probe (frequency range 6-12 MHz), as well as the mini-craniotomy probe (frequency range 5-10 MHz) were used during the surgery. All probes were equipped with a reflective marker reference frame. The 3DUS data were acquired by freehand probe movement, tracking the position and orientation of the ultrasound probe by means of an integrated navigation camera system. LSAs were visualized using the power Doppler mode. To get the final intraoperative 3DUS image, an automatic fusion of power Doppler data acquired by phased array probe and anatomical data acquired by linear probe was performed. The mini-craniotomy probe was used mostly for minimization of acoustic enhancement artifacts, as described previously by our group. 17 During the surgeries, the ultrasound data were repeatedly updated to compensate for the brain shift and display the actual position of LSAs and tumor residua. The data update, including automatic image fusion, usually took approximately 2 minutes to complete.
Three surgeries (Cases 1-3) were planned as a singlestage procedure. The asleep-awake-asleep anesthetic technique 4 was used; general anesthesia was induced by using intravenously administered remifentanil and propofol, and a laryngeal mask was used to secure airways. The patients were woken up after the craniotomy. Despite planning as a single-stage procedure, resection in Case 1 was interrupted due to the technical difficulties with intraoperative ultrasound, and the patient in Case 3 reported a strong nausea shortly after the beginning of tumor removal, and therefore it was decided to terminate the surgery. In both preliminarily terminated cases, a successful awake resection was performed a few days later. Three surgeries (Cases 4-6) were planned and performed as 2-stage procedures, according to the concept presented by Kumabe et al. 6 Performing a craniotomy, drilling, and using rongeurs on the sphenoid wing, wide opening of the sylvian fissure, and resection of the anterior part of the temporal lobe (in case it was infiltrated) were performed under general anesthesia. The second surgery was performed a few days later, in which the entire procedure was performed under conscious sedation using dexmedetomidine and remifentanil. We prefer this approach for larger, especially dominant insular tumors (in which the resection duration is long, and typically takes several hours) to minimize the risk of suboptimal monitoring of neurological functions due to patient fatigue. In our experience, the resulting shortening of the duration of the procedure (due to insular portion removal starting shortly after the second surgery beginning) appears to allow the patients to fully cooperate until the end of tumor resection.
Results
In all cases, 3DUS power Doppler distinctly displayed LSAs (Fig. 3) ; the distance between the bottom of the resection cavity and LSAs could be accurately evaluated. In all tumors the resection stopped close to the LSAs and only a minimal amount of tissue covering these perforators was intentionally left in place, to avoid vascular injury. Five subtotal resections (residual tumor < 10 cm 3 ) and 1 partial resection (Fig. 4) were achieved. The extent of resections and functional results are summarized in Table 1 .
Illustrative Case Case 5
This 23-year-old woman suffered 1-2 epileptic seizures a week, despite pharmacological treatment. MRI displayed a right-sided nonenhancing hyperintense temporoinsular glioma ( Fig. 5A and B) , and the LSAs were visualized by a contrast-enhanced 3D TOF sequence (Fig. 5C ). Bilateral hemispheric dominance was revealed by functional MRI. The origin of the first LSA was located close to the middle cerebral artery (MCA) bifurcation (Fig. 6A-D) . The preoperative speech and language investigation revealed a mild speech comprehension deficit. A 2-stage resection was performed, as described above. During the second (awake) surgery, speech and language as well as motor functions were monitored. Before the removal of the insular tumor portion, the MCA and the first LSA were visualized using 3DUS power Doppler. We found the quality of imaging to be similar to the preoperative 3D TOF MRI sequence (Fig. 6E-H) . The perforator was subsequently exposed in the expected location (Fig.  6I) . Throughout the resection, the distance between the bottom of the resection cavity and the LSAs was repeatedly evaluated (Fig. 7) to avoid inadvertent exposure (and potential injury) of these perforators. Stimulation close to the posterior arm of the internal capsule elicited paresthesias of the left extremities. A small tumor remnant was intentionally left in place in this area, as well as a thin rim of infiltrated tissue over the LSAs (Fig. 5D-F) . No motor or speech deficit was observed during the surgery.
After the procedure, the epileptic seizures completely resolved. A 92% resection was achieved. The patient returned to a normal social and professional life.
Discussion
The interval to a malignant transformation of insular
LGGs is longer in patients who have undergone a greater extent of resection. 15 Nevertheless, because permanent deficits have an adverse impact on the quality of life, which can well outweigh any prolongation of survival, 16 the preservation of eloquent brain areas and important vessels is mandatory.
Resection of portions of an insular glioma that are adjacent to LSAs may result in injury of these vessels. The risk of LSA disruption is prominent, particularly when firm tumors are removed using surgical aspirators, which may damage the arterial wall. 12 Moreover, suction apparatus can injure LSAs as well. 12 Therefore, preoperative and especially intraoperative identification of LSA position is important.
Methods enabling preoperative visualization of LSAs and their anatomical relationship with the tumor were described; 9,14 these techniques are important, especially for planning the surgical strategy. However, the crucial step is intraoperative identification of LSAs. Several approaches to localizing these perforators and evaluation of the deepest limit of feasible resection have been reported.
First, anatomical landmarks are the basis for a surgeon's orientation. The plane defined by the bases of the periinsular sulci and the first perforating (most lateral) LSA helps to delineate the deepest part of the dissection. 3, 7 Unfortunately, apart from Yaşargil Type 3A insular glio- mas, 20, 22 these anatomical landmarks are not sufficient for the surgeon to know with reliability the exact location of the perforating arteries on their whole trajectory. 2 The nutmeg appearance of the striatum is another landmark that should be familiar to the surgeon; 12,21 the lateral surface of the putamen is actually the place at which the surgeon has to stop the deep resection. 18 However, LSAs are often encountered before the striatum. 12 In addition, LGGs may involve the striatum, making its identification difficult; 2 in the series published by Moshel et al., 34% of the insular gliomas extended medially to the displaced LSAs into the basal ganglia. 9 The deep functional limit of resection is formed by eloquent white matter tracts (pyramidal tract, arcuate fasciculus, and inferior frontooccipital fasciculus), which can be identified by direct electrical subcortical stimulation. 2 Another option for defining the deepest resection plane is utilization of neuronavigation systems that may be used for intraoperative medial tumor border identification.
3,12
Being familiar with the relationship of LSAs and the medial tumor border, the surgeon can indirectly evaluate the position of LSAs. In addition, some MRI sequences that can be used for neuronavigation, such as 3D TOF sequence, may directly visualize LSAs. Nevertheless, after some tumor debulking, neuronavigation becomes inaccurate and unreliable due to brain shift. 10 An intraoperative update of navigational data using intraoperative MRI may be a plausible solution.
A method enabling direct localization of LSAs has been reported by Yaşargil et al.; the identification of LSAs is based on differentiation of the audio signal of intraoperative micro-Doppler recordings. 21 In this regard, our technique uses a similar principle, but instead of localization based on an acoustic signal we use direct visualization of LSAs by power Doppler imaging. In addition to imaging of perforating arteries, 3DUS enables visualization of residual LGGs almost in real time; the fast 3DUS anatomical and power-Doppler data update makes this method also suitable for procedures with limited time such as awake resections. 11, 17 To the best of our knowledge, intraoperative visualization of LSAs by 3DUS power Doppler has not been previously described. Surprisingly, negative experiences were reported. 2, 5 Despite our promising results, 3 limitations of our work have to be considered. First, it is questionable how many LSAs in a given patient can be displayed by 3DUS power Doppler. In their anatomical study, Türe et al. reported the finding of 1-15 LSAs per hemisphere (average 7.75); while the diameters of the LSAs ranged between 0.1 and 1.5 mm (average 0.45 mm), the majority (73%) of LLAs measured less than 0.5 mm in diameter. 19 However, 1.5-T MRI is not sufficient to display LSAs clearly enough, and even 3-T MRI scanners are unable to depict at least 1 LSA in every patient.
1 Interestingly, 7-T MRI scanners using highresolution 3D TOF MR angiography are not able to depict all LSAs; perforators with diameters less than 250 mm cannot be visualized. 8 Implicitly, the number of LSAs that can be visualized by 3DUS power Doppler is uncertain. A prospective study of this topic is ongoing at our center. Second, even though power Doppler imaging is considered to be relatively angle independent, 13 it is not completely angle independent; according to our experience it may be problematic to depict the whole course of LSAs. Again, this topic is being investigated in a prospective study. Future use of 3DUS with ultrasound contrast agents (which is an angle-independent method) could probably contribute to even better LSA visualization. Lastly, to quantify the reliability and effectiveness of the presented method, prospective studies are necessary to compare the extent of tumor resection and functional outcome of patients operated on with this technique versus other methods such as utilization of ultrasound without vascular imaging, MRIbased conventional neuronavigation alone, or handheld micro-Doppler.
In spite of these limitations, in all 6 operated cases the visualization of LSAs by 3DUS power Doppler was feasible and helped us prevent injury of these important perforators.
Conclusions
Visualization of LSAs by 3DUS power Doppler appears to be a useful tool during resection of insular LGGs. However, the reliability of this method has to be carefully evaluated in prospective studies. 
